Objective. Genome scans for rheumatoid arthritis (RA) have yielded inconsistent results. The absence of replication of linkage might be due to lack of power of individual studies. We performed a genome scan meta-analysis of published data to increase statistical power and to assess evidence for linkage of RA across genome scan studies. Methods. Four RA whole-genome scans containing 767 families with 964 sibling pairs were included for the genome scan metaanalysis (GSMA). The GSMA method was applied to pool the results obtained from four genome scans. For each study, 120 genomic bins of 30 centimorgans were defined and ranked according to maximum evidence for linkage within each bin. Bin ranks were weighted and summed across all studies. The summed rank for each bin was assessed empirically for significance using permutation methods. Results. A total of nine bins lay above the 95% confidence level (P^0.05) and four bins were above the 99% confidence level (P^0.01) in the RA GSMA, suggesting that these bins contain RA-linked loci: bins 6
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Rheumatoid arthritis (RA) is a chronic inflammatory disease predominantly involving synovial joints and affecting up to 1% of the population worldwide [1] . Although the aetiology of RA remains unsolved, a genetic component of RA susceptibility has been established by data from twin and family studies. Twin studies estimated the heritability of RA liability as up to 60% [2] . Family-based studies have also suggested an increased risk for siblings of RA probands compared with that for the general population ( s ¼ 5.0-7.2) [3] . A consistent association between RA and human leucocyte antigen (HLA) loci has been observed in many populations [4] . The HLA class II molecules constitute the most powerful recognized genetic factor for RA. However, results of family studies suggest that this association accounts for only one-third of the genetic susceptibility and non-HLA genes are also involved in disease susceptibility [5] .
Several whole-genome scans for RA have been performed to identify the HLA and non-HLA loci involved in RA susceptibility [6] [7] [8] [9] [10] [11] . They identified several linkage loci for RA, but the findings of most of the studies have not been replicated. It is not surprising that linkage studies have shown inconsistent results, because they have been limited by small sample size, low statistical power and clinical or genetic heterogeneity [12] .
Meta-analysis combines the linkage results from several studies, providing greater statistical power. Meta-analysis may also identify regions where the genetic effect is too small to be detected in an individual study. Recently, the genome search meta-analysis (GSMA) method has been developed to combine genome scan results in an attempt to enhance evidence of linkage [13] . The GSMA is a non-parametric ranking method to identify genomic regions that show consistent linkage evidence based on the linkage scores obtained in each scan. We applied the GSMA method to genome scans of RA to assess evidence for linkage across the studies.
Materials and methods

Selection of genome scans
Genome scans for RA were identified via literature databases. We included RA genome scans using more than 300 microsatellite markers covering the whole genome. When there were genome scans using duplicated data, we chose the study that used larger numbers of markers because genotyping more markers increases the likelihood of detecting true susceptibility loci. The GSMA method assumes a uniform map in each scan, so we did not consider the second stages of genome scans where candidate regions were more densely mapped or samples were modified. For consistency of this meta-analysis, genome scans that did not show all linkage results with P<0.05 were excluded from this study. All loci with a P-value <0.05 were obtained from each study for the rank-ordering procedure. The linkage scores were input as P-values in the bins and linkage scores with P>0.05 were substituted as P-values of 0.5 and were considered ties.
Genome search meta-analysis
The GSMA was performed as described [13] . In brief, the autosomes were divided into 120 30-centimorgan (cM) bins defined by Genethon markers (CEPH-Genethon Integrated Map web site http://www.cephb.fr/ceph-genethon-map.htm). On the Marshfield map (available at http://www.marshfieldclinic.org/research/genetics), the average bin width was 29.1 cM. Each marker was placed within one of these bins on the basis of its location on the Genethon or Marshfield map. For each study, each bin was assigned a withinstudy rank (R study ) based on the maximum linkage score within the bin. Bins were ranked in descending order (120 ¼ most significant result). The summed rank (R sum ) across studies was computed for each bin. A weighted GSMA was carried out to allow results to reflect the relative contribution of each study. For the weighted analysis, each R study value was multiplied by its study's weight (square root of the number of sibling pairs divided by the mean of this value over all studies). Two pointwise P-values were determined, P sumrnk and P ord , as described and determined by 10 000 permutations of the weighted data set. P sumrnk is the probability of observing a bin's summed rank by chance, and P ord is the probability of observing the jth place bin's summed rank in jth place bins in randomly permuted data. The empirical criterion for bins likely to contain linked loci was P sumrnk <0.05 and the criterion for genome-wide significance was P sumrnk <0.000417 (0.05 corrected for 120 bins).
Results
Individual genome scans
Four RA genome scans were used for this GSMA based on the inclusion criteria [6] [7] [8] [9] . Two genome scan studies of RA were excluded due to duplicated data [11] or absence of all linkage data with P<0.05 [10] . This meta-analysis included 767 families with 964 sibling pairs. The main characteristics of genome scans included in the meta-analysis are summarized in Table 1 .
Two genome scans were performed in Europe [6, 9] and the other scans were conducted in the USA [7, 8] . The number of sibling pairs ranged from 114 to 332 and individual weighting factors were 0.70, 1.13, 1.20 and 0.97, respectively. The results of four genome scans were inconsistent except for HLA loci. The strongest linkage findings were shown at HLA (6p21.3) in all of four RA genome scans. Major linkage findings except for chromosome 6 in the individual studies were 13q32-qter (D13S1315), 17q25.1 (D17S1301), 10q21.1 (D10S1221) and 1q (152 cM), respectively [6] [7] [8] [9] .
Meta-analysis of RA genome scans Figure 1 shows the summed ranks for each bin giving P sumrnk . The summed ranks (vertical axis) are plotted against the bin location, by a single point plotted for the summed rank for each bin with chromosome numbers (horizontal axis). A total of nine bins lay above the 95% confidence level (P sumrnk ¼ 0.05) and four bins were above the 99% confidence level (P sumrnk ¼ 0.01): bins 6.2 (P sumrnk ¼ 0.0000008), 6.4 (P sumrnk ¼ 0.0007950), 8.1 (P sumrnk ¼ 0.00075842), 18.3 (P sumrnk ¼ 0.0077142), 12.3 (P sumrnk ¼ 0.0224458), 12.2 (P sumrnk ¼ 0.0227133), 1.5 (P sumrnk ¼ 0.0254791), 6.3 (P sumrnk ¼ 0.00289908) and 16.2 (P sumrnk ¼ 0.0495275), suggesting that these bins contain RA-linked loci. Table 2 summarizes the highest 10% of bins when ordered by summed rank. Nine bins achieved a significant P sumrnk . The strongest evidence for linkage occurred on chromosome 6p22.3-6p21.1 (bin 6.2), containing the HLA region. The RA GSMA produced genomewide evidence for linkage on this chromosome 6p22.3-6p21.1 (P sumrnk ¼ 0.0000008). Two clusters of adjacent bins occurred (6.2-6.4, 12.2-12.3), which would be expected if a susceptibility locus were present in this region, since, for a complex disease, true linkage may extend up to 30 cM from the true locus position.
Discussion
To date, whole-genome linkage studies for RA have revealed a number of regions of the genome that are likely to harbour genes predisposing to RA [6] [7] [8] [9] [10] [11] . Four linkage studies for RA included in the meta-analysis have shown the HLA region as containing the most significant linkage loci, but they have revealed inconsistent non-HLA linkage loci [6] [7] [8] [9] . Susceptibility to RA is likely to involve several genes of weak effect, and consequently individual studies may have insufficient power to detect linkage. Here we have conducted a meta-analysis of RA genome scans using the GSMA method in an attempt to increase statistical power and to enhance evidence of linkage. The highest evidence for linkage was observed in bin 6.2, which includes the HLA loci, with genome-wide significance (P sumrnk ¼ 0.0000008). The nominally significant P sumrnk and P ord of the adjacent bins, 6.3 and 6.4, provided additional evidence for linkage. This might have been because, in simulated data, bins adjacent to those containing disease loci often also achieve nominal significance [14] , or it may suggest the possibility that genes on non-HLA chromosome 6 regions may also play an important role in susceptibility to RA. Previous analyses of HLA associations have shown that the majority of RA-associated HLA-DRB1 alleles share a common structural feature at positions 70-74 of the DRB1 chain. This finding has given rise to the shared epitope hypothesis [15] , and there is a hypothesis suggesting a role for DQ alleles or protective effects of DRB1 alleles [16, 17] . Another candidate gene, tumour necrosis factor (TNF), located in the HLA class III region, has been reported to play a role in susceptibility to RA [18] .
Besides confirming linkage of the HLA region, the GSMA found evidence for linkage at non-HLA loci, such as chromosome 1p, 6, 8p, 12, 16 and 18q, across studies. Although all genome scans of RA included in this analysis have shown the HLA region to contain the strongest linkage loci, one or two studies did not reveal significant linkage in the non-HLA loci defined by this metaanalysis. This suggests that a gene with low frequency or weak penetrance may be present in this region, and an extensive collection of RA families will be required to provide sufficient power to detect linkage. Notably, the major linkage findings at non-HLA loci in individual studies were not replicated in this meta-analysis, and several other loci, although ranked high in individual studies, did not achieve a high summed rank. This suggests that some linkage loci observed in individual genome scans may be false-positive results. Also, there was no new locus identified by this meta-analysis that was not previously identified individually in any of the four genome-wide scans.
The linkage loci shown by this meta-analysis may provide a basis for the location of RA susceptibility genes. It is interesting to examine these regions for candidate genes. A possible candidate gene on chromosome 18q21 is the TNFRSF11A gene, which encodes receptor activator of nuclear factor B (RANK). RANK is critically involved in the differentiation of osteoclasts in inflamed synovium and is important for the development of bone resorption in inflammatory arthritis [19] . A risk allele of a haematopoietic-specific protein tyrosine phosphatase, PTPN22, located at 1p13.3-1p13.1, changes the function of the protein, which functions as a negative regulator of T-cell activation, leading to T cells with a lower threshold for T-cell activation. The risk allele was significantly increased in RA patients compared with controls in Caucasians (28 vs 17%) [20] and the minor allele of this SNP recently was implicated in type 1 diabetes [21] , suggesting that the variant of PTPN22 may increase susceptibility to autoimmune diseases. CD94 and NKG2 are members of the NK cell receptor families, and are encoded in the natural killer gene complex (NKC) on human chromosome 12p12-13. Although one study did not find a significant association between variations in CD94 and NKG2 genes and RA and systemic lupus erythematosus (SLE), chromosome 12p has been considered to be one of the potential candidate chromosomal regions for RA [22] .
Many candidate genes in other chromosome regions have been reported to be associated with susceptibility to RA, such as TNFR2 on 1p36.3-p36.2 [23] , PADI4 on 1p36.13 [24] , FcGR3A on 1q23 [25] , IL10 on 1q32.1 [26] , PARP on 1q41-1q42 [27] , CTLA4 on 2q33 [28] , SLC22A4 on 5q31.1 [29] , IFNG on 12q21.1 [30] and MIF on 22q11.23 [31] . This might reflect the limited power of linkage studies compared with association analyses.
There were limitations to our meta-analysis. First, we looked at published genome scans for meta-analysis. Our analysis was a little different from the RA GSMA method performed by Fisher et al. [32] . They analysed genome data obtained from linkage graphs, whereas we used linkage scores with P<0.05. Fisher et al. found significant results on chromosomes 6, 16, 12, 1q, 14q, 8p, 9q, 4q and 3q based on weighted P-values <0.05. There was consistency in the four bins 6.2, 16.2, 6.4 and 8.1 between the previous study and the present meta-analysis. The differences in results between the two studies could also have been due primarily to the use of different sets of scan analyses. Fisher et al. included two data sets that were used in this analysis [7, 8] , a different data set for one scan [11] and data from one scan that we excluded because of absence of all linkage data with P<0.05 [10] . Although GSMA results of RA whole-genome linkage scans. Individual chromosomes were sub-divided into 30 cM bins (represented by a dot), and bins were ranked by the significance after summing weighted data across the studies. Significance levels corresponding to 99% (P sumrnk <0.01) and 95% (P sumrnk <0.05) were shown by the horizontal lines.
there might be a bias in our analysis, we believe that our metaanalysis using published data is not invalid for the assessment of evidence for linkage of RA across genome scan studies. For example, a previous meta-analysis using published data instead of whole-genome data has shown that the analysis is more powerful than one of several genome scans in detecting significant linkage without increasing false positives and also robust to a considerable amount of heterogeneity [33] . Secondly, although meta-analysis significantly increases the sample size, it also may introduce heterogeneity arising from phenotypic differences between different populations and ethnic and geographic differences. Although most populations included in the meta-analysis were Caucasian, it was possible that the Caucasian population in the USA was admixed with other populations, such as populations with African or Hispanic ancestry, and there was a difference in admixture of Caucasians between Europe and the USA. These might confound the analysis. There is a need for the judicious application of phenotypic stratification, including ethnicity, as a means of reducing heterogeneity in gene mapping studies. Thirdly, this RA GSMA did not consider the X or Y chromosome data, so no conclusions can be reached on possible linkage on these chromosomes.
In conclusion, this RA GSMA confirmed the evidence that the HLA loci is the greatest susceptibility factor for RA and revealed evidence for chromosomes 1p, 6, 8p, 12, 16 and 18q being non-HLA susceptibility loci across studies. We believe that these data may provide a basis for carrying out targeted linkage and candidate gene studies in these chromosomal regions.
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